Cullin-RING ubiquitin ligases (CRLs) catalyze the ubiquitylation of substrates many of which are degraded by the 26S proteasome. Their modular architecture enables recognition of numerous substrates via exchangeable substrate receptors that competitively bind to a cullin scaffold with high affinity. Due to the plasticity of these interactions there is ongoing uncertainty how cells maintain a flexible CRL repertoire in view of changing substrate loads. Based on a series of in vivo and in vitro studies, different groups proposed that the exchange of substrate receptors is mediated by a protein exchange factor named cullin-associated and neddylation-dissociated 1 (Cand1). Here, we have performed quantitative mathematical modeling to support this hypothesis. To this end we first show that the exchange activity of Cand1 necessarily leads to a trade-off between high ligase activity and fast receptor exchange. Supported by previous in vivo studies we argue that this trade-off yields an optimal Cand1 concentration where the time scale for substrate degradation becomes minimal. In a second step we show through simulations that (i) substrates bias the CRL repertoire leading to preferential assembly of ligases for which substrates are available and (ii) differences in binding affinities create a temporal hierarchy for the degradation of substrates. Together, our results provide general constraints for the operating regimes of molecular exchange systems and suggest that Cand1 endows the CRL network with the properties of an "on demand" system allowing cells to dynamically adjust their CRL repertoire to fluctuating substrate abundances.
Introduction available [9, 22] . However, when analyzed in vitro Cand1 has been found to act as an 29 inhibitor of SCF ligase activity [10, 11, 18, [23] [24] [25] . In the present study we wish to show 30 that these two findings are not contradictory, but that the exchange activity of Cand1 31 necessarily generates a trade-off between high SCF occupancy and fast SR exchange. As 32 a result of this trade-off there exists an optimal Cand1 concentration where the time 33 scale for substrate degradation becomes minimal. In a second step, we analyze the 34 Cand1-mediated exchange of SRs in the presence of substrates which suggests a crucial 35 role for Cand1 in shaping the cellular CRL repertoire. 36 
Models 37
Model for the Cand1 exchange cycle 38 In our model (cf. Fig. 1B) we consider two species of substrate receptors (SRs) which 39 competitively bind to the Cul1 scaffold via the adapter protein Skp1 [26] . Here, we do 40 not explicitly model the assembly of Skp1 and SRs, but consider Skp1/SR dimers as 41 preformed stable entities denoted for convenience by SR1 and SR2. Consistent with 42 experiments we assume that binding of Cand1 to Cul1 lowers the binding affinity for 43 SRs by 6 orders of magnitude [9] , i.e. K sr /K sr ∼ 10 6 , where K sr and K sr denote the 44 dissociation constants of SRs from the binary Cul1.SR and the ternary Cul1.Cand1.SR 45 complexes, respectively. Here and in the following we employ the "." notation to denote 46 non-covalent protein-protein interactions. Similarly, binding of SRs to Cul1 lowers the 47 affinity for Cand1 by the same amount (i.e. K ca /K ca ∼ 10 6 ) resulting in the 48 thermodynamic cycles depicted in Fig. 1B . Since the free energy change for the 49 formation of the ternary Cul1.Cand1.SR complexes must not depend on the order in 50 which they are formed the dissociation constants in each cycle have to satisfy the 51 detailed balance relation 52 K ca · K sr = K ca · K sr .
(1)
Here, K ca and K ca denote the dissociation constants of Cand1 from the binary 53 Cul1.Cand1 complex and the ternary Cul1.Cand1.SR complexes, respectively. To satisfy 54 the detailed balance condition (1) we introduce the relative binding affinity 55 η = K ca K sr = K ca K sr (2) which measures the preference of Cand1 and SR for binding to Cul1, i.e. η < 1 means 56 that Cand1 has a higher binding affinity for Cul1 whereas η > 1 means that SR has a 57 higher binding affinity for Cul1. 58 To translate the reaction steps depicted in Fig. 1B into a mathematical model we 59 employ mass-action kinetics and assume that the total protein concentrations (Cul1, 60 Cand1, SR1 and SR2) remain constant on the time scale of interest. The dynamics of 61 the system is described by 5 ordinary differential equations 62 
where Cul1 T , SR1 T , SR2 T and Cand1 T denote the total concentrations of Cul1, 63 substrate receptors and Cand1, respectively.
64
To parametrize our model we employ representative rate constants as they were 65 measured for the SCF Fbxw7 ligase (cf. 
K ca = 1.73 · 10 −5 (d) k ca = 1 · 10 −5 (c) β = k ca /k sr = 0.031 K ca = 50 (c) k ca = 0.04 (e) (a) Ref. [8] , (b) SR T = SR1 T + SR2 T , (c) Ref. [9] , (d) computed from Eq. (1), (e) cf. Materials and Methods.
Results

75
Cand1 reduces SCF ligase activity 76 We were first interested in understanding how the presence of Cand1 would affect the 77 steady state occupancies for the different SCF complexes (i.e. Cul1.SR1 and Cul1.SR2). 78 To this end, we assume that Cul1 is saturated with SRs, i.e. we consider the 79 physiologically relevant regime SR T = SR1 T + SR2 T > Cul1 T . From the parameter 80 values listed in Table 1 we see that ηK sr Cul1 T . Under this condition we have 81 derived approximate expressions for the steady state concentration of Cul1.SR1 (and 82 the other complexes) in the limit of low and high concentrations of Cand1 (see 83 Supporting Information S1 Text for details). In the first case (Cand1 T Cul1 T ) the 84 SCF concentration decreases linearly with Cand1 T according to
where the slope f is given by close to the upper bound. From Eqs. (5) and (7) we see that the SCF concentration 93 decreases as a function of Cand1 T which is consistent with previous observations 94 according to which Cand1 acts as an inhibitor of SCF ligase activity [18, 23, 24] .
95
To analyze the behavior of the SCF occupancy near the transition point (where 96 Cand1 T = Cul1 T ) we have plotted the steady state concentration of Cul1.SR1 for 97 different values of the relative binding affinity η ( Fig. 2A ). We find that when η = 1 or 98 larger the SCF concentration changes gradually near the transition point. However, 99 when Cand1 exhibits a strong preference for binding to Cul1 (η 1) the SCF response 100 curve develops a sharp threshold near the transition point (black line, Fig. 2A ). Since 101 the natural system seems to operate in the regime η 1 and Cand1 T > Cul1 T (cf.
102 binding to Cul1) could be lower than that of Cul1 because Cand1 also binds to other 106 cullins of the CRL family [8] . Second, in the presence of substrates the concentration of 107 particular SCF complexes could be increased due to dynamic remodeling of the SCF 108 repertoire [7, 9, 22] . Trade-off between high SCF occupancy and fast SR exchange rate. A: Left axis shows SCF activity as measured by the steady state concentration of Cul1.SR1. Right axis shows the exchange rate as measured by the leading eigenvalue of the Jacobian matrix (ρ l ). As the total Cand1 concentration increases the SCF activity (solid lines) decreases while the exchange rate (dashed lines) concomitantly increases. As the relative binding affinity η (Eq. 2) decreases both the SCF response curve as well as the curve characterizing the exchange rate develop a sharp threshold near Cand1 T = Cul1 T (marked by arrow head). The horizontal dotted line indicates the maximal exchange rate (cf. Eq. 9). B: Exchange rate (|ρ l |) vs. SCF occupancy ([Cul1.SR1]) drawn from the curves in panel A. Note that the curves are overlapping which suggests that the trade-off between high SCF occupancy and fast SR exchange rate is the same for all η ≤ 1. We have also indicated the positions along the curve where, depending on the value of η, the concentration of Cand1 equals that observed in cells (cf. should increase with increasing Cand1 concentration. To quantify the exchange rate we 113 computed the leading eigenvalue of the Jacobian matrix ( Fig. 2A and S1 Text) which 114 determines the time scale for reaching a new steady state after applying a perturbation. 115 Note that the SR exchange rate (as measured by |ρ l |) dramatically increases when the 116 Cand1 concentration is increased beyond that of Cul1 (the increase being more 117 dramatic as η gets smaller). However, when Cand1 T is increased the SCF concentration 118 ([Cul1.SR1]) concomitantly drops resulting in a trade-off between high SCF occupancy 119 at low Cand1 concentration and fast SR exchange at high Cand1 concentration. This 120 trade-off can be better visualized by plotting the SCF exchange rate against SCF 121 occupancy ( Fig. 2B ). Interestingly, this yields the same curve independently of the 122 value of η. However, depending on the value of η the Cand1 WT concentration of 123 390nM is reached at different positions along the trade-off curve (indicated by symbols). 124 For example, in the WT system (diamond symbol) the SCF concentration is 6.4nM and 125 the exchange rate is 0.11s −1 .
126
To illustrate the impact of Cand1 on the time scale of SR exchange we assume that 127 at t = 0 a fixed amount of SR1 is added to a steady state mixture of Cul1, Cand1 and 128 SR2 with SR2 T > Cul1 T so that the cullin scaffold is already saturated with SRs prior 129 to addition of SR1. After SR1 is added, a certain fraction of it gets exchanged for SR2 130 on Cul1. The time scale for the assembly of Cul1.SR1 ranges from a few minutes when 131 Cand1 T Cul1 T to a few seconds when Cand1 T Cul1 T (cf. Fig. 2C ).
132
To understand the constraints under which Cand1 mediates the exchange of SRs we 133 consider again the two limiting regimes: Cand1 T Cul1 T and Cand1 T Cul1 T . In 134 the first case the leading eigenvalue can be approximated by (cf. S1 Text)
Consistent with expectation: As Cand1 T → 0, the SR exchange rate approaches the 136 (spontaneous) dissociation rate constant of a Cul1.SR complex which is in the order of 137 10 −6 s −1 (cf. the SR exchange rate approaches a limiting value that is independent of η and Cand1 T 143 (cf. Fig. 2A ) 
Parameters other than those mentioned are listed in Table 1 .
The exchange of SRs by Cand1 takes time. So, we reasoned that Cand1 would lose 170 its ability to accelerate substrate degradation if the binding affinity of the substrate for 171 its cognate SR became too low. This is, indeed, what we observed ( Fig. 3C ): As the To increase the potential pool size of SCF ligases that can be engaged in the 179 ubiquitylation of a cognate substrate unused SCF complexes should first be 180 disassembled making the freed Cul1 available for the assembly of SCFs pertaining to the 181 cognate substrate. This process is illustrated in Fig. 4 : After addition of substrate the 182 initial drop in [Cul1.SR1] is compensated by an increase in [Cul1.SR1.S1] (Fig. 4A ).
183
Later on, between 1-100min, the concentration of Cul1.SR1.S1 further rises due to 184 disassembly of Cul1.SR2 and redistribution into Cul1.SR1 and Cul1.SR1.S1. The sum 185 of the concentrations of these "engaged" SCF ligases ([Cul1.SR1]+[Cul1.SR1.S1]) 186 increases 2.5-fold from its steady state value before it decreases back to pre-stimulus 187 level after the substrate has been degraded ( Fig. 4B, solid Table 1 .
Temporal hierarchy of substrate degradation 196
Another interesting question is whether there exists a temporal order in which SR 197 substrates are degraded by the 26S proteasome. To analyze such a scenario we extended 198 the model depicted in Fig. 1B and considered 3 types of SRs: two for which substrates 199 are available (SR1 and SR2) and one representing the remaining SR pool (SR3). It is 200 assumed that downstream processing by the proteasome is the same for both substrates 201 (k deg = 0.004s −1 ), but that there might be differences in the binding affinity of 202 substrate to their cognate SR (Fig. 5A,D) , differences in the binding affinity of SRs to 203 Cul1 (Fig. 5B ,E) or differences in SR abundances (Fig. 5C,F) . Our simulations suggest 204 that differences in either of these parameters can induce a temporal order in the 205 degradation of substrates such that high-affinity substrates, substrates with high-affinity 206 SRs and substrates of highly abundant SRs are degraded first (as indicated by a lower 207 t 1/2 ). In all cases substrate degradation is accompanied by a redistribution of Cul1 from 208 the pool of unused SCFs (SCF3) into the pool of engaged SCFs (SCF1 and SCF2) 209 supporting the view that in the presence of substrates the exchange activity of Cand1 210 leads to the preferential assembly of SCFs for which substrates are available [9, 22] .
211
Is Cand1 necessary for fast SR exchange?
212
One of the puzzling properties of SCF ligases (and perhaps other CRLs) is the 213 extremely high affinity of the Cul1-SR interaction which lies in the picomolar range [9] . 214 One reason might be to prevent "leakage" so that SR exchange is exclusively mediated 215 by Cand1. Indeed, experiments with cand1 deletion cell lines have shown that most 216 F-box proteins rely on the exchange activity of Cand1 for efficient substrate 217 degradation [15, 16, 21] . Alternatively, one could envision a system with substantially 218 weaker Cul1-SR interaction. In such a hypothetical system newly synthesized F-box 219 proteins could always gain access to Cul1 making an exchange factor dispensable.
220
To compare these two architectures we rescale the dissociation rate constant k sr by a 221 factor γ > 1 which lowers the binding affinity between Cul1 and SR (Fig. 6A ). To 222 satisfy the detailed balance condition in Eq. (1) we multiply k ca by the same factor so 223 that the dissociation constants K sr and K ca increase with γ while their ratio remains At t = 0 two substrates, S1 and S2 (each 300nM), are added to a steady state mixture containing Cul1, Cand1 and SR1-SR3. The resulting decline of the total amount of substrates is displayed together with the t 1/2 (dotted lines). Substrates with a higher SR affinity (A), substrates for SRs with a higher affinity for Cul1 (B) and substrates for more abundant SRs (C) are preferentially degraded. D, E, F: Assembly and disassembly of SCF ligases upon substrate addition. Depicted are changes in the fraction of SRs that are bound in a SCF complex. The blue and violet curves correspond to ([Cul1.SR1] + [Cul1.SR1.S1])/SR1 T and ([Cul1.SR2] + [Cul1.SR2.S2])/SR2 T , respectively, whereas the light red curve denotes [Cul1.SR3]/SR3 T . In each case Cul1 is redistributed from Cul1.SR3 into Cul1.SR1(.S1) and Cul1.SR2(.S2). In (A-F) if not indicated otherwise reference parameters are: K S1 = K S2 = 10nM (k of f = 1s −1 ), K sr,1 = K sr,2 = K sr,3 = 0.225pM , SR1 T = SR2 T = 60nM . To preserve detailed balance K sr,1 has been increased by a factor of 5 in (B) and (E). SR3 T = 660nM − (SR1 T + SR2 T ), Cand1 T = 400nM , k deg = 0.004s −1 . Parameters other than those mentioned are listed in Table 1. constant. In this setting the case γ = 1 and Cand1 T = 390nM corresponds to the 225 wildtype system whereas the case γ > 1 and Cand1 T = 0nM represents the alternative 226 system design. To make a fair comparison we chose γ such that the steady state level of 227 Cul1.SR1 prior to addition of substrate (S1) is the same for both cases. In addition, we 228 assume that substrate can bind to both Cul1.SR1 and Cul1.Cand1.SR1. To mimic the 229 effect of neddylation in this setting we allow substrate to be degraded only when it is 230 bound to Cul1.SR1, but not when it is bound to Cul1.Cand1.SR1 (since Cand1 and 231 Nedd8 cannot be simultaneously bound to Cul1). Interestingly, the half-life of substrate 232 degradation depends not only on the presence or absence of Cand1, but also on the 233 detailed mechanism of substrate binding: If substrate can only bind to SR when the 234 latter is already bound to Cul1 or Cul1.Cand (sequential mechanism) the system 235 without Cand1 exhibits faster substrate degradation (3.4-fold) compared to the system 236 with Cand1 (Fig. 6B) . In contrast, when substrate binding occurs in a random manner 237 the situation is reversed as substrate degradation is now faster (4.1-fold) in the presence 238 of Cand1 (Fig. 6C ).
239
There are two factors that might explain this behavior: First, for the system without 240 Cand1 redistribution of Cul1 from Cul1.SR2 into Cul1.SR1 and Cul1.SR1.S1 only 241 occurs if substrate binding occurs sequentially (Fig. 6B,C lower panels) . Second, when 242 binding occurs randomly in a system without Cand1 substrate may become "trapped" 243 in SR1.S1 complexes which bind only weakly to Cul1. Since in such a system the 244 Cul1-SR binding affinity (γK sr ≈ 37nM ) is weaker than the assumed substrate affinity 245 (1nM) binding to free SRs effectively reduces the substrate's affinity for gaining access 246 to Cul1 which causes a delay in its degradation. (Cand1) [9, 15, 16] we were interested in the operating regimes and the inherent 253 constraints that may exist in such exchange systems, and how they would affect the 254 degradation of ubiquitylation substrates. Specifically, we wanted to understand how the 255 CRL network can flexibly react to changing substrate loads despite the high-affinity of 256 Fig 6. Alternative network architecture. A: Extension of the Cand1 cycle model for SR1 (black solid lines) to include substrate binding. Sequential mechanism: Substrate (S1) only binds to SR1 if the latter is already bound to Cul1 or Cul1.Cand1 (blue lines). Random mechanism: S1 also binds to free SR1, Cul1.SR1 and Cul1.Cand1.SR1. In addition, SR1.S1 binds to Cul1 or Cul1.Cand1 (red lines). By increasing the factor γ (red color) the binding affinity between Cul1 and SR1 can be lowered while still satisfying the detailed balance condition in Eq. 1. For SR2 we use the same scheme as depicted in Fig. 1B (without substrate) with k sr and k ca multiplied by γ. K sr , K ca , K sr and K ca denote dissociation constants whereas k sr , k ca , k sr and k ca are dissociation rate constants (cf. Table 1 ). B: Comparison of the half-life of S1 (t 1/2 ) for two network designs: one with Cand1 T > 0 and tight binding of SRs to Cul1 (γ = 1) and another one with Cand1 T = 0 and weak binding of SRs to Cul1 (γ 1). In the latter case γ is chosen such that the pre-stimulus steady state for Cul1.SR1 is the same in both cases (Note that dashed and solid lines in lower panels partially overlap). If substrate binds sequentially the system with Cand1 T = 0nM (B, dashed line) outperforms the system with Cand1 T = 390nM (B, solid line) as the t 1/2 is 3.4-fold larger in the presence of Cand1. In both cases Cul1 is redistributed from Cul1.SR2 to Cul1.SR1 and Cul1.SR1.S1 (B, lower panel). In contrast, when substrate binds in a random manner (cf. panel A) its degradation is substantially delayed (4.1-fold) in the absence of Cand1 (C) and redistribution of Cul1 only occurs in the presence of Cand1 (C, lower panel). Total substrate is defined as S1 T = [S1] + [SR1.S1] + [Cul1.SR1.S1] + [Cul1.Cand1.SR1.S1]. Parameters: At t = 0 substrate S1 (300nM ) was added to a steady state mixture containing Cul1 T = 300nM , SR1 T = 30nM and SR2 T = 630nM . The values of Cand1 T and γ are indicated in the upper panels. k on = 10 7 M −1 s −1 , k of f = 0.01s −1 , k deg = 0.004s −1 . Parameters other than those mentioned are listed in Table 1. cullin-SR interactions.
257
Our results indicate that there exists a generic trade-off in the Cand1-mediated 258 exchange of SRs which leads to an optimal Cand1 concentration where the time scale 259 for substrate degradation becomes minimal (cf. Fig. 3C ). This result can be 260 rationalized as follows: In the absence of Cand1 only preassembled SCF complexes 261 contribute to substrate degradation since free SRs cannot gain access to Cul1. As the 262 Cand1 concentration increases the concentration of preassembled SCF complexes 263 decreases since part of the Cul1 is sequestered by Cand1 into Cul1.Cand1 and ternary 264 Cul1.Cand1.SR complexes, which are necessary to mediate the exchange of SRs. Cand1 acting as an inhibitor of SCF ligases [10, 11, 18, [23] [24] [25] . Our results also support 276 the view that in the presence of SCF substrates the exchange activity of Cand1 may 277 bias the SCF repertoire leading to the preferential assembly of SCF ligases for which 278 substrate is available (Fig. 4) [9, 22] . As such Cand1 may endow the CRL network with 279 the flexibility of an "on demand" system, thereby allowing cells to dynamically adjust 280 their CRL repertoire to fluctuating substrate abundances.
281
PLOS
10/15
Experimental evidence for an optimal Cand1 concentration in vivo comes from 282 experiments by Lo and Hannink [21] who found (in two different cell lines) that both 283 overexpression of Cand1 as well as siRNA-mediated knockdown of Cand1 leads to 284 increased steady state levels of the transcription factor Nrf2. This is consistent with our 285 finding that increasing and lowering the Cand1 concentration beyond and below the 286 optimal level (where the half-life is minimal) leads to an increased half-life of substrates. 287 Nrf2 is an ubiquitylation target of the Cul3-Keap1 ubiquitin ligase whose assembly has 288 been shown to be controlled by Cand1 [29] . This suggests that our results may not only 289 apply to SCF ligases, but also to other members of the CRL family. Based on the 290 measured rate constants listed in Table 1 our model predicts an optimal Cand1 291 concentration in the range between 30nM − 120nM depending on the substrate's 292 binding affinity. When comparing this prediction with the cellular concentrations of 293 Cand1 (390nM ) and Cul1 (302nM ) one has to take into account that Cand1 not only 294 binds to Cul1, but also to cullins of other CRL family members (Cul2-Cul5) whose total 295 concentration adds up to ≈ 1260nM [8] . Hence, the in vivo Cand1/CRL ratio of ∼ 0.3 296 falls onto the upper boundary of the predicted range of optimal Cand1 concentrations 297 indicating that in cells the exchange activity of Cand1 might be optimized for 298 high-affinity substrates. In fact, our simulations show that Cand1 loses its ability to 299 speed up substrate degradation when the substrate's binding affinity becomes too low 300 (Fig. 3C ). In addition, substrate degradation is predicted to occur in a temporal order 301 with high-affinity substrates being degraded first ( Fig. 5 ). Similar effects are seen for 302 high-affinity and highly abundant SRs suggesting that cells may exploit several 303 mechanisms to fine-tune substrate degradation to needs.
304
From a mechanistic point of view the Cand1-mediated exchange of SRs exhibits 305 some similarity to the exchange of GDP by GTP as mediated by guanosine nucleotide 306 exchange factors (GEFs) [17] . However, while GEFs catalyze the exchange between only 307 two substrates, Cand1 potentially mediates the exchange of hundreds of different SRs. 308 When comparing the parameters of the Cand1 cycle with those of GDP/GTP exchange 309 cycles one finds several systems that seem to operate in a similar regime. For example, 310 in the Ran/RCC1 as well as in the EF-Tu/EF-Ts systems the concentration of the 311 exchange factors, RCC1 and EF-Ts, is typically lower than that of the respective 312 GDP/GTP-binding proteins [30, 31] . Also, the binding affinities of GDP and the 313 exchange factor with respect to EF-Tu or Ran are either comparable [32] or there exists 314 a slight preference in favor of the exchange factor [30] suggesting that both systems 315 operate in the regime η ≤ 1. Similar as for the Cand1 cycle this may indicate that the 316 concentration of the respective exchange factor is optimized for the purpose of the 317 system, e.g. fast nuclear export rate of proteins in the case of Ran/RCC1 and a high 318 protein synthesis rate in the case of EF-Tu/EF-Ts. Indeed, theoretical studies have 319 shown that GDP/GTP exchange systems potentially exhibit similar trade-offs as the 320 ones reported here for the Cand1 cycle [33, 34] although direct experimental evidence for 321 an optimized concentration of the exchange factor seems to be lacking in those cases.
322
Materials and Methods
323
The simulations depicted in Fig. 2 were done using MatCont [35] . To generate the simulations depicted in Fig. 3 and Fig. 4 we have assumed that 329 substrate (S1) reversibly binds to its cognate substrate receptor (Skp1/SR1) with 330 forward and backward rate constants k on and k of f . Not much seems to be known about 331 the values of these parameters for particular substrates, so we set k on = 10 8 M −1 s −1 332 (close to the diffusion limit) and k of f = 1s −1 giving a binding affinity of 333 K D = k of f /k on = 10nM . Given the tight binding between Cul1 and SRs (K D ∼ 1pM ) 334 it seems likely that typical binding affinities between substrates and their cognate 335 receptors are even lower than 10nM. Substrate degradation has been modeled through a 336 first order process of the form Cul1.SR1.S1 → Cul1.SR1 with an effective first order 337 rate constant of k deg = 0.004s −1 (corresponding to 0.24min −1 ).
338
To conduct the simulations shown in Fig. 5 we have considered two substrates (S1 receptors that compete for access to Cul1, but for which no substrate is available. To 343 this end, we have added three reversible binding equilibria similar to those already 344 depicted for SR1 and SR2 assuming for each of the reactions the same value for k on and 345 k of f as for SR1 and SR2. To generate the curves in Figs. 5A,D we have lowered the k on 346 for S1 5-fold to k on = 2 · 10 7 M −1 s −1 so that K D,S1 = 5 · K D,S2 . To generate the curves 347 in Figs. 5B,E we have increased k sr,1 for SR1 5-fold to k sr,1 = 4.5 · 10 −6 s −1 so that the 348 Cul1-binding affinity of SR1 is 5-fold lower compared to that of SR2, i.e.
349
K sr,1 = 5 · K sr,2 . To preserve the detailed balance relation (Eq. 1) for the cycle 350 involving SR1 we have also increased the value of k sr,1 5-fold to k sr,1 = 6.5s −1 .
351
Estimation of k ca
352
The rate constants listed in Table 1 were measured for the particular substrate receptor 353 Fbxw7 using a FRET-based assay [9] . The dissociation constants K sr and K sr were 354 directly computed from the reported values for k on and k of f . For the dissociation 355 constant K ca = ηK sr an upper limit of 50nM has been reported. Using this value as an 356 estimate for K ca yields η ≈ 0.077. The remaining dissociation constant is then 357 determined by the detailed balance relation (Eq. 1) which yields K ca ≈ 1.73 · 10 −5 nM . 358 From the 4 dissociation rate constants listed in Table 1 only k ca had not been measured. 359 To estimate this parameter we repeat the experiment in Fig [9] . The right panel shows the fit of the model simulations to a single exponential function. Data points for the first 5 seconds were discarded to obtain a better fit.
